and ppc3 turned pale green and no big morphological difference was found among 2 3 1 them. Interestingly, ppc2 mutant plants failed to achieve the same growth state 2 3 2 compared to Col-0, ppc1 and ppc3 mutant plants (Fig. 1C ). ppc2 mutant plants had chlorotic, compared with that of 10% to 20% in Col-0, ppc1 and ppc3 plants (Fig. 1D) . These results suggest that PPC2 is required for seedling growth and development at 2 3 6 low CO 2 conditions. To determine whether the phenotypes of seedling growth arrest in the ppc2 2 3 8 mutant are due to the defect of seed germination, the seed-germination rates of these 2 3 9
lines were determined at low CO 2 conditions on sucrose-free 1/2 MS medium. The 2 4 0 similar germination rate and status were observed among Col-0, ppc1, ppc2 and ppc3 2 4 1 ( Fig. S1 ). These results revealed that the growth arrest phenotype of ppc2 was 2 4 2 occurred after germination developmental stage. AtPPC2 is involved in seedling 2 4 3 development at low CO 2 conditions. To further reveal whether PPC1 or PPC3 has effect on seedling growth at low 2 4 5 CO 2 conditions dependent on PPC2, we crossed ppc1 or ppc3 with the ppc2 mutant. We obtained ppc2ppc3 and ppc1ppc2 double mutant, but could not get the seeds of 2 4 7 ppc1ppc2 double mutant due to severely growth arrest, consistent with the previous study (Shi et al., 2015) . ppc2ppc3 double mutant showed the similar growth 2 4 9 phenotype as ppc2 single mutant at low CO 2 conditions and has normal seed 2 5 0 germination (Fig. 1C and S1 ), suggesting AtPPC3 possibly does not participate in 2 5 1 1 0 seedling growth regulation at low CO 2 conditions. 2 5 2
To confirm that PPC2 was responsible for the phenotype of growth retardation 2 5 3 observed in the ppc2 mutant, the CDS of PPC2 driven by CaMV 35S promoter was 2 5 4
introduced into the ppc2 mutant. The expression levels of PPC2 in randomly selected 2 5 5 PPC2-expressing transgenic ppc2 plants were recovered to the similar level as in 2 5 6
Col-0 by RT-PCR analyses (Fig. 1E ). When these lines together with ppc2 and Col-0 2 5 7 grew at low CO 2 conditions, the growth arrest and cotyledon chlorotic phenotypes of 2 5 8 ppc2 were all rescued by PPC2 expression (Fig. 1F ). These results demonstrate that 2 5 9
the seedling growth arrest is due to the dysfunction of PPC2 and PPC2 is a major 2 6 0 regulator of seedling growth at low CO 2 conditions. We next detected the expression levels of these three PEPCs at low CO 2 conditions by 2 6 3 real-time PCR analyses, only PPC2 could be induced by low CO 2 ( Fig. 2A) , in 2 6 4 agreement with the previous study (Li et al., 2014) . To confirm PPC2 is a functional 2 6 5 PEPC in Arabidopsis, we measured the total PEPC activity in the ppc2 mutant and 2 6 6
Col-0 at low and ambient CO 2 conditions. Our results showed that ppc2 mutant 2 6 7 seedlings had lost most of PEPC activity in the leaves at both 400 ppm and 200 ppm 2 6 8 CO 2 conditions ( Fig. 2B ). Moreover, low CO 2 treatment increased PEPC activity in 2 6 9
Col-0 but not in the ppc2 mutant leaves ( Fig. 2B ), further supporting that PPC2 is the 2 7 0 major PEPC in Arabidopsis leaves and only PPC2 is in response to low CO 2 .
7 1
We then determined its spatial expression patterns by expressing GUS reporter 2 7 2 gene driven by PPC2 promoter in Col-0. GUS staining showed that PPC2 was mainly 2 7 3 expressed in leaves, hypocotyl, flowers and siliques, but not or very weak in roots 2 7 4 ( Fig. 2C ). We also found PPC2 was highly expressed in guard cells. We were also 2 7 5
interested to know the subcellular localization of PPC2, 35S::PPC2-YFP construct protein revealed its localization in the cytoplasm, nucleus and also endoplasmic in regulation of plant growth at low CO 2 . accumulation between ppc2 and Col-0 plants ( Fig. S2A and B) , however, at low CO 2 2 8 7 conditions the starch accumulation was significantly reduced in the ppc2 cotyledons 2 8 8 at both time points ( Fig. S2A and B ). Because in plant cells, starch is synthesized at 2 8 9 daytime and degraded at night (darkness). We then measured sucrose content of ppc2 2 9 0
and Col-0 at these conditions. The sucrose content was lower in the ppc2 seedlings 2 9 1 than in Col-0 at either low or ambient CO 2 conditions ( Fig. S2B ). Moreover, the 2 9 2 synthetic substrates of starch and sucrose, such as G6P, F6P, G1P, ADPG, UDPG and 2 9 3
Suc6P were decreased in ppc2 at low CO 2 conditions, but were similar at ambient 2 9 4 CO 2 conditions compared to Col-0 ( Fig. S2B) , consistent with the starch and sucrose 2 9 5 content in ppc2. These findings suggest that ppc2 mutation led to the reduced 2 9 6 photosynthetic carbohydrate accumulation at low CO 2 conditions. To test the reduction of photosynthetic carbohydrates in ppc2 is caused by the 2 9 8 reduced CO 2 assimilation, we measured chlorophyll and carotenoid contents in these 2 9 9
seedlings. At ambient CO 2 conditions, there were no significant differences in total 3 0 0 chlorophyll and carotenoid contents ( Fig. 3A and B) . At low CO 2 conditions both 3 0 1 chlorophyll and carotenoid were greatly reduced in ppc2. We next detected the a remarkable decrease was observed in ppc2 than in Col-0 ( Fig. 3C and D). These results suggest PPC2 is involved in photosynthesis regulation at low CO 2 .
3 0 8
Because PPC2 is highly expressed in guard cell ( Fig. 2C) , it is important to 3 0 9
confirm if the reduced carbon assimilation rate at low CO 2 conditions was induced by between the ppc2 mutants and Col-0 ( Fig. 3E and F Because of the reduced photosynthetic carbohydrate accumulation and carbon 3 2 0 assimilation in the ppc2 mutant at low CO 2 conditions, we would like to know 3 2 1 whether application of sucrose, which is a photosynthetic product, could rescue the 3 2 2 reduced seedling growth of ppc2 mutant at low CO 2 conditions. Exogenous sucrose product OAA is rapidly converted into malate by malate dehydrogenase. Our primary 3 2 7 metabolic analyses showed malate was reduced when PPC2 was mutated ( Fig. S2B ), and their differences between ppc2 mutant and Col-0 were increased at low CO 2 3 2 9
conditions. We then explored whether the growth-arrest phenotype of ppc2 mutant at 3 3 0 low CO 2 was caused by malate defect. Application of 1.5 mM malate didn't have the 3 3 1 effect on growth of both genotypes and could not eliminate the cotyledon phenotype 3 3 2 of ppc2 ( Fig. 4A ), however the growth-arrest phenotype of ppc2 was greatly relieved 3 3 3 by addition of 3 mM malate compared to control group at our growth conditions.
4
These results support the function of AtPPC2 in both carbon assimilation and 3 3 5 metabolic pathway. Rodriguez-Concepcion, 2012) and in the ppc2 mutant carotenoid content was 3 4 0 seriously reduced ( Fig. 3B ). To determine whether ABA biosynthesis is blocked in 3 4 1 ppc2 at low CO 2 conditions. We quantified ABA level in 15-day-old ppc2 and Col-0 seedling growth arrest in ppc2 at limiting CO 2 conditions. 3 4 7
To prove this, we added low concentrations of exogenous ABA (0.1 or 0.2 μ M) to 3 4 8 sucrose-free 1/2 MS medium plate to see the growth performance of Col-0 and ppc2.
4 9
In Col-0, ABA treatment inhibited the growth and increased the ratio of chlorotic growth-arrest phenotype of ppc2 mutant is at least partly due to the reduced ABA It has been reported that ABI3, ABI4 and ABI5, downstream targets of ABA signaling arrest in the ppc2 mutant at low CO 2 conditions, we firstly checked their expression ABIs in Col-0. The expression of ABI5 at low CO 2 conditions was greatly suppressed in the ppc2 mutant ( Fig. 5A ), however the expression levels of ABI3 and ABI4 were 3 6 5 comparable in Col-0 and ppc2 seedlings at both ambient and low CO 2 conditions. Furthermore, exogenous ABA could rescue the ABI5 expression at low CO 2 3 6 7 conditions in the ppc2 mutant ( Fig. 5B ). These results indicate the reduced expression level of ABI5 might be a major cause of reduced seedling growth in ppc2 at low CO 2 3 6 9
conditions. To confirm this and reveal the role of ABI5 in seedling growth at low CO 2 3 7 0 conditions, we determined the growth performance of abi5-1 mutant and wild type differences were observed between Ws and abi5-1 seedlings (Fig. 5C ). However,
F v /F m level was significantly reduced in the abi5-1 mutant compared to that in Ws at 3 7 4 low CO 2 conditions (Fig. 5D ), indicating mutation of ABI5 led to reduced maximum 3 7 5 quantum efficiency at low CO 2 conditions. We further overexpressed ABI5 in the ppc2 greatly rescued the early seedling growth arrest phenotype of ppc2 in three randomly 3 7 8
selected transgenic lines at low CO 2 conditions ( Fig. 5E and F, Fig. S3 ).
7 9
Photorespiratory intermediates were increased in ppc2 at low CO 2 conditions 3 8 0
It is suggested that PEPC activity is linked to photorespiration by supplying malate , 2015) . We then determined amino acids levels in ppc2 and Col-0 at 3 8 3 both ambient and low CO 2 conditions. Our analyses showed that ppc2 mutant had 3 8 4 reduced glutamic acid and increased glutamine, which led to increased ratio of Gln to concentrations would increase photorespiration. ppc2 mutant had higher contents of triggered an increase in glycine/serine ratio both in the ppc2 mutant and Col-0 in contrast to ambient CO 2 , however no significant differences in glycine/serine ratio 3 9 6
were found between them ( Fig. 6C ). At ambient CO 2 conditions PPC2 didn't have 3 9 7 1 5 significant effect on amino acid and organic acid content, only glycine, valine and 3 9 8
tyrosine were slightly increased in ppc2 ( Fig. S2B and S4 ). These results suggest 3 9 9
PPC2 functions in both primary metabolism and photorespiratory metabolism at 4 0 0 photorespiratory low CO 2 conditions through modulation of carbon/nitrogen balance. both low and ambient CO 2 conditions. In the photorespiratory pathway GGAT except GGAT2 were significantly reduced in the ppc2 mutant at low CO 2 conditions 4 1 3 ( Fig. 7A ). Among them, GGAT1 and SGAT1 were slightly induced by low CO 2 4 1 4 treatment in Col-0 ( Fig. 7A) . The transcript of SHMT1 in the ppc2 mutant was 4 1 5 significantly reduced at both ambient and low CO 2 conditions (Fig. 7A) .
ABI5 is a transcription factor that directly binds to the promoter regions of its 4 1 7 targets to activate their expressions. ABI5 expression was reduced in ppc2 and ABI5 4 1 8 overexpression in ppc2 recovered the reduced growth arrest at photorespiratory low 4 1 9
CO 2 conditions, we thus hypothesized that ABI5 might regulate the expression levels 4 2 0 of these enzymes that function in glycine and serine production, such as GGAT1, 4 2 1 SGAT1, GLDP1, GLDT1 and SHMT1. We interestingly found there were several 4 2 2
ABREs, ABI5 binding cis-element, in the promoter regions of these five genes ( Fig.   4 2 3 S5). The expressions of SGAT1, GLDT1 and SHMT1 were reduced in abi5-1 mutant 4 2 4
at low CO 2 conditions (Fig. 7B ), suggesting these three genes could be the targets of 4 2 5
ABI5. We interestingly found the expression levels of SGAT1, GLDT1 and SHMT1 in 4 2 6 1 6 three randomly selected independent transgenic lines were completely or greatly 4 2 7 recovered ( Fig. 7C) . We then performed dual luciferase assays to determine the ABI5 4 2 8
activation of the promoters of SGAT1, GLDT1 and SHMT1 that drive LUC expression 4 2 9
in Arabidopsis mesophyll cell protoplasts. ABI5 expression greatly activated the 4 3 0
promoters of SGAT1 and GLDT1, but could not activate the promoter of SHMT1 (Fig.   4 3 1
7D and E). These results demonstrate that SGAT1 and GLDT1 could be the direct 4 3 2 targets and SHMT1 was an indirect target of ABI5, and ABI5 regulates Recently, a potential role for PEPC in C 3 plant metabolism at high photorespiratory Tcherkez and Limami, 2019). Here we also found that PPC2 is involved in seedling at higher CO 2 (400-800 ppm) concentrations (Fig. 8A ). In addition, the maximum initial A-C i curve was recovered when the measurements were performed under very 4 5 0 low oxygen conditions that restricted photorespiration (Fig. 8C ). These results that PPC2 is involved in photorespiration at relatively low CO 2 conditions. The 4 5 7 phenotype of ppc2 is, at least partially, due to the reduced net carbon assimilation, compared to Col-0 ( Fig. 8F ). The max photosynthetic ETR of Ws and abi5-1 inferred 4 6 7
from A-C i curves in air condition were similar (Fig. 8E) . In low oxygen conditions, and Ws (Fig. 8G) . These results demonstrate that ABI5 is involved in photorespiratory 4 7 0 metabolism pathway.
7 1
We next determined the A-C i curves of ABI5-expressing ppc2 plants growing at 4 7 2 ambient CO 2 conditions. The reduced CO 2 assimilation of ppc2 at low CO 2 conditions 4 7 3 was totally rescued by ABI5 expression (Fig. 8H) . Moreover, ABI5-expressing not 4 7 4
only restored the reduced dry-weight biomass of ppc2 mutant but also had some 4 7 5 increase at ambient conditions (Fig. 8I ). ( Masumoto et al., 2010; Shi et al., 2015) . However, the molecular mechanisms 5 0 8 remain unclear. Here, we were the first to clarify the special role of PPC2 in 5 0 9 photorespiration at low CO 2 conditions by regulating carbon/nitrogen balance. Firstly, PPC2 may regulate the balance of carbon/nitrogen at photorespiratory low 5 1 1 CO 2 conditions. The metabolites of glycolysis pathway and amino acid levels in ppc2 5 1 2 seedlings were greatly affected at photorespiratory low CO 2 conditions (Fig. 6A; Figs . S2B and S4). The photorespiratory intermediates glycine and serine were significantly 5 1 4 accumulated in ppc2 at photorespiratory CO 2 conditions ( Fig.6A and Fig. S4 ), 5 1 5
suggesting PPC2 is involved in photorespiratory metabolism at low CO 2 conditions. 5 1 6
Glutamic acid plays a central signaling and metabolic role in regulating carbon and 5 1 7
nitrogen assimilatory balance (Forde and Lea, 2007) , which was greatly reduced in 5 1 8
ppc2 mutant at photorespiratory low CO 2 . The increased glutamine further reduced 5 1 9
the assimilation of ammonium released by photorespiration at glycine point, thus low CO 2 conditions. The required glutamate for photorespiration is imported from the 5 2 2 chloroplast by exchange against malate, the reduced malate level in the ppc2 mutant is 5 2 3 consistent with this ( Fig. S2B ). Addition of exogenous malate not only greatly 5 2 4
rescued the growth arrest of ppc2 mutant at low CO 2 treatment (Fig. 4A ), but also 5 2 5
reduced the high accumulated photorespiratory intermediates such as glycine in the 5 2 6 ppc1/ppc2 double mutant (Shi et al., 2015) . These phenomena are in accordance with 5 2 7
the previous report that malate dehydrogenase mutants exhibit an alteration in cycle was increased at low CO 2 conditions, leading to higher levels of Phe, Tyr and 5 3 1 Trp (Fig. 6A, Fig. S4 ). These results demonstrate PPC2 control the balance of 5 3 2 carbon/nitrogen metabolisms at low CO 2 conditions. 5 3 3
Secondly, at photorespiratory low CO 2 conditions PPC2 affects the expression 5 3 4
patterns of photorespiratory enzymes related with glycine and serine synthesis and respectively from glutamate and serine into glyoxylate to synthesize glycine; GLDP1 5 3 7
and GLDT1 decarboxylate glycine into CH 2 -THF; and subsequently SHMT1 transfers Timm et al., 2015) . In agreement, the expressions of SHMT1, SGAT1, GLDP1 and 5 4 3 2 0 GLDT1 were greatly reduced in ppc2 at low CO 2 conditions, which increased the 5 4 4 levels of glycine and serine.
4 5
Thirdly, the reduced CO 2 assimilation of ppc2 mutant at low CO 2 conditions was 5 4 6
caused by the increased photorespiratory lost in plant. In air condition, ppc2 mutant 5 4 7 exhibited declined CO 2 assimilation rate in the initial part of A-C i curve (50-400 ppm) 5 4 8 (H) ABI5 expression complements the reduced A-C i curves of ppc2 plants that growing at 400 ppm conditions. Data shown are mean ± SEM (n = 3). (I) Dry weight of WT, ppc2 and ABI5 overexpression ppc2 transgenic lines (ppc2ABI5 oe -7 , ppc2ABI5 oe -8, ppc2ABI5 oe -9) growing at ambient CO 2 conditions. Data shown are mean ± SEM (n = 6). Asterisks indicate significant differences between genotypes (*P < 0.05; **P < 0.01; ***P <0.005 by Student's t-test; ns, no significant difference). Different letters indicate significant differences using Tukey's test at P ≤ 0.05.
Figure legends

